Patj is described as a core component of the Crumbs complex. Along with the other components, Crumbs and Stardust, Patj has been proposed as essential for epithelial polarity. However, no proper in vivo genetic analysis of Patj function has been performed in any organism. We have generated the first null mutants for Drosophila Patj. These mutants are lethal. However, Patj is not required in all epithelia where the Crumbs complex is essential. Patj is dispensable for ectoderm polarity and embryonic development, whereas more severe defects are observed in the adult follicular epithelium, including mislocalisation of the Crumbs complex from the apical domain, as well as morphogenetic defects. These defects are similar to those observed with crumbs and stardust mutants, although weaker and less frequent. Also, gain-of-function of Crumbs and Patj mutation genetically suppress each other in follicular cells. We also show that the first PDZ domain of Patj associated with the Stardust-binding domain are sufficient to fully rescue both Drosophila viability and Crumbs localisation. We propose that the only crucial function of Patj hinges on the ability of its first two domains to positively regulate the Crumbs complex, defining a new developmental level of regulation of its dynamics.
INTRODUCTION
Epithelial polarity relies on the dynamic interplay of several protein complexes that define the different cortical domains (Laprise and Tepass, 2011; St Johnston and Ahringer, 2010) . Among these, the Crumbs (Crb) complex plays key roles in the definition of the apical domain and in the organisation and positioning of the first apical junction, which are adherens junctions in Drosophila and tight junctions in mammals (Tepass et al., 1990; Wodarz et al., 1995; Bulgakova and Knust, 2009; Morais-de-Sá et al., 2010; Bazellieres et al., 2009; Hurd et al., 2003) . At the molecular level, essential components of the Crb complex are Crb, Stardust (Sdt; PALS1) and Patj. Crb is a transmembrane protein; its cell polarity function depends on a C-terminal PDZ binding motif (ERLI) that binds Sdt (Klebes and Knust, 2000; Bachmann et al., 2001; Hong et al., 2001; Roh et al., 2002) . Patj has been isolated as a component of the Crb complex via direct interaction with Sdt, involving heterodimerisation of their L27 domains (Roh et al., 2002; Bulgakova et al., 2008) . To mediate its function in polarity, the Crb complex also interacts in multiple ways with other polarity determinants, including the PAR6/aPKC complex (Hurd et al., 2003; Kempkens et al., 2006; Lemmers et al., 2004; Krahn et al., 2010) . These interactions together reflect the intricate dynamics of these complexes, which have yet to be fully elucidated.
There are genetic data clearly showing the importance of Crb and Sdt, but less is known about Patj. Reducing PATJ protein levels in mammal cell culture leads to destabilisation of the Crb complex and to defects in tight junction assembly (Lemmers et al., 2002; Michel et al., 2005; Shin et al., 2005) . However, this phenotype is mild compared with those of Crb or Sdt mutants, and one could assume that the difference reflects hypomorphic conditions. Genetic data in fruit flies have failed to produce any clear picture of Patj function, although the gene appears to be essential for viability (Bhat et al., 1999; Nam and Choi, 2006; Pielage et al., 2003; Richard et al., 2006) .
Here we present the first null mutants for the Drosophila Patj gene. This analysis reveals a tissue-specific requirement for the stability of the Crb complex at the apical membrane.
MATERIALS AND METHODS

Drosophila genetics
Patj mutants were generated by imprecise excision of P{GSV2}GS50262. Excisions that were lethal when crossed with the Df(3L)My10 deficiency were analysed at the molecular level. Only deletions exclusively affecting Patj were retained (Patj 53 , Patj 58 , Patj 63 ) and recombined with FRT2A. Rescue by a Patj transgene was assessed for all alleles.
Clonal analyses were performed using the flp/FRT or MARCM systems with GFP as marker for wild-type or mutant cells, respectively. Flies were dissected 4 days after clone induction by heat shock. Mutant stocks are FRT2A, Patj, FRT19A, sdt K85 (Berger et al., 2007) and FRT82B, crb 1 (Tepass et al., 1990) . Overexpression was performed using Tub:Gal4 flipout or MARCM systems. UAS transgenes are UASt:Patj (Bhat et al., 1999) and UASt:crb (Wodarz et al., 1995) . For embryo analysis, maternal contribution was removed using the flp/FRT Ovo D1 system and zygotic mutants were selected by the absence of TM3, twi:Gal4, UAS:eGFP.
Transgenes
The Patj genomic rescue transgene was produced by cloning a genomic PCR fragment into the pCASPER4 vector. Patj transgenes for structure/function analysis, including a full-length transgene, were produced by PCR on Patj cDNA and cloning with and without GFP for Cterminal fusions in pWRpAUbiqP, which contains a Ubiquitin-63E promoter. Transgenic flies were generated by Fly Facility. rat anti-Crb (1/500) (Pellikka et al., 2002) , and rabbit anti-Patj (1/500) (Tanentzapf et al., 2000) . Images were acquired on a Leica SP5 microscope.
RESULTS AND DISCUSSION
Patj null mutations are lethal
No proper mutation of the Patj gene was available, limiting its genetic manipulation. In order to generate Patj mutants, 100 excisions of a P-element-based transgene inserted in the 5Ј region of Patj were produced (Fig. 1A) . We identified three internal deletions of Patj associated with lethality. Patj 58 and Patj 63 delete start codons, whereas Patj 53 shows complete deletion of the coding sequence. A rescue construct containing the Patj gene and 300 bp upstream of its transcription start site perfectly rescued the lethality and fertility of Patj mutants. We therefore assumed these alleles to be null mutations for Patj, and we confirmed the absence of Patj protein in mutant follicle cells as compared with the surrounding wild-type cells (Fig. 1B) . Our results confirm previous findings that Patj is an essential gene (Nam and Choi, 2006; Richard et al., 2006) . However, despite previous reports that Patj mutants die during the second instar larval stage, we found that Patj homozygotes or transheterozygotes could reach the pupal stage, highlighting the utility of bona fide null mutants. We also produced maternal Patj germline clones to test whether maternal contribution could mask embryonic phenotype. However, maternal and zygotic null mutants were able to reach the pupal stage, like the zygotic mutants, indicating that Patj is dispensable for embryonic development. In addition, we failed to detect polarity defects in the embryonic ectoderm upon examining the localisation of Crb and other polarity markers ( Fig. 1C,D ; data not shown).
Patj regulates Crb complex stability
We therefore analysed Patj function in another tissue; we looked at the follicular epithelium that surrounds the germline cysts of the ovary. We first investigated the localisation of the other Crb complex members Crb and Sdt. Both showed partial mislocalisation from the apical domain in Patj mutant as compared with wild-type cells. This phenotype is usually weak during early stages (1-5), but tends to gain strength later, leading in some cases to a complete apical loss of both Sdt and Crb, thus indicating that Patj is required for Crb complex stability at the apical domain ( Fig. 2A,B) . Absence of Crb and Sdt from the apical domain is not associated with a strong cytoplasmic accumulation of these proteins, suggesting that they might be degraded. Because Crb and Sdt are important for defining the apical domain of epithelial cells, we also looked at the localisation of other polarity markers. aPKC is also less apically enriched in Patj mutant cells than in wild-type cells, although the effect on this key polarity determinant is weaker than that observed for Sdt and Crb (Fig. 2C,D) . Baz protein is also globally absent from the apical domain, but remains in subapical spots that might correspond to adherens junctions ( Fig. 2E ) (Morais-de-Sá et al., 2010) . Also, we did not observe any lateral markers, such as Discs large (Dlg), extending apically in Patj mutant cells, which is usually the case when the apical domain is no longer specified (Fig. 2F ).
In agreement with these results, we found extremely rare cases (<1%) in which a loss of polarity of Patj mutant cells was indicated by the formation of multilayers or round cells (Fig. 2H) . However, we observed a cell flattening in Patj mutant clones compared with wild-type cells in ~20% of the follicle-containing clones (Fig. 2F,G) . This flattening always affected cells on the lateral side of the follicles. We compared the Patj phenotype with those of crb and sdt mutants ( Fig. 2I ; supplementary material Figs S1, S2). As previously described, crb mutation frequently induced multilayers (42%) and cell flattening (22%) (Tanentzapf et al., 2000) . sdt mutation also induced the same defects, with multilayers (31%) and some flat cells in the epithelium (37%). Moreover, crb and sdt mutant cells showed a greater loss of apical markers than Patj cells (supplementary material Figs S1, S2). Taken together, our data suggest that the flattening is a mild phenotype, whereas multilayer formation corresponds to a stronger polarity phenotype. Our results therefore suggest that the loss of any one of the three core components of the Crb complex leads to similar phenotypic traits, but with the severity of defects decreasing in the order crb, sdt, Patj. The importance of Crb as a polarity determinant is also apparent through the extension of the apical domain and disruption of epithelial architecture when Crb is overexpressed (Tanentzapf et al., 2000; Wodarz et al., 1995) . Mirroring the loss-of-function experiments, Sdt overexpression in follicle cells leads to less pronounced defects than Crb overexpression (Horne-Badovinac and Bilder, 2008) . Similar clonal overexpression of Patj did not induce any polarity defect in follicle cells ( Fig. 2J ; data not shown), confirming that Patj plays a more subtle role in epithelial polarity than Crb and Sdt.
The L27 and first PDZ domain are sufficient for Patj function It has been shown that the L27 domain and the first of the four PDZ domains of Patj are able to rescue lethality associated with Patj deletion (Nam and Choi, 2006) . We produced several Patj transgenes to provide a more accurate structure-function analysis. A full-length Patj transgene compared with a transgene encoding these two domains exhibited no differences; both were able to fully rescue Patj mutant-associated lethality (Fig. 3A,B) . In addition, we investigated Crb localisation in follicle cells mutant for Patj in flies carrying these transgenes. The presence of full-length Patj or L27-PDZ1 proteins fully rescued the Crb complex localisation and cell flattening phenotype (Fig. 3A,B) . By contrast, transgenes encoding only L27 or only PDZ1 failed to rescue lethality, Crb localisation or cell flattening in follicle cells mutant for endogenous Patj (Fig. 3C,D) . A similar inability to rescue the lethality was observed in flies expressing L27 and PDZ1 as encoded by two distinct transgenes (Fig. 3E) . Taken together, these results show that all the essential functions of Patj are concentrated in these two domains and that they have to be linked together. Also, the ability of Patj transgenes to rescue lethality is correlated with their ability to restore apical localisation of the Crb complex, suggesting that this constitutes the main function of Patj.
Analysis of the subcellular localisation of the different Patj domains fused to GFP indicates that the PDZ1 domain localises on its own to the apical domain, although less efficiently than proteins containing the L27 domain, suggesting that PDZ1 can bind an apical protein (Fig. 3A-D) . Whereas L27 domain binding to Sdt is well established, what binds to the PDZ1 domain is far less clear. No partner has been identified in flies, and only a few proteins are proposed to link to the mammalian PATJ PDZ2 domain, which corresponds to fly PDZ1. One of these is TSC2 (Massey-Harroche et al., 2007 ), but we failed to find similar interaction between the Drosophila proteins. Mammalian PATJ PDZ2 also interacts with angiomotin (AMOT), and this interaction seems robust because it is conserved with the other members of the AMOT protein family and the mammalian paralogue of PATJ called MUPP1 (MPDZ) (Sugihara-Mizuno et al., 2007; Wells et al., 2006) . However, the Drosophila genome does not contain any member of the AMOT family. These data suggest the existence of an as yet unidentified apical ligand of PDZ1 that is essential for Patj function.
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Genetic interaction between Patj and Crb
All the defects caused by Patj mutation are therefore also present in other mutants of the Crb complex, and at least one of the two key domains of Patj interacts directly with Sdt. Taken together, these results suggest that the main function of Patj is to regulate the Crb complex. We took advantage of the moderate effect of Patj mutation on follicle cell polarity to look for genetic interaction with a Crb gain-of-function. We analysed the phenotype of Patj MARCM mutant clones overexpressing Crb, and compared their effects with both Patj mutant and Crb overexpression on their own. As previously described, Crb overexpression disrupts follicular cell polarity, as seen by extension of aPKC localisation to the lateral domain and from the spheroidal shape of the cells, and can lead to multilayer formation ( Fig. 4A ; data not shown) (Tanentzapf et al., 2000) . Crb overexpression also blocks the cuboid-to-squamous transition of a subpopulation of follicular cells, termed stretched
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Development 139 (24) cells, at stage 9 of oogenesis (Fig. 4C) (Grammont, 2007) . Patj MARCM mutant clones overexpressing Crb exhibit normal morphology, and aPKC no longer extends to the lateral domain of the cells, even though it is slightly more enriched on the apical domain (Fig. 4B) . Thus, we never observed a reduction in aPKC at the apical domain, in contrast to Patj mutant cells. In addition, Crb overexpression also fully rescues the cell flattening that results from the loss of Patj, whereas the absence of Patj restores the normal stretching of anterior cells at stage 9 (Fig. 4D) . Thus, Crb overexpression and null mutation for Patj suppress each other for all the defects that we observed in follicle cells. These genetic data lead to the conclusion that the essential function of Patj is to positively regulate the Crb complex.
The Patj mutant phenotype suggests that it might be important for delivering or stabilising Crb at the apical membrane or for promoting its recycling from endosomes. PATJ knockdown in human cells leads to CRB mislocalisation from the apical cortex and its accumulation in early endosomes (Michel et al., 2005) . Interestingly, Rab11 and the retromer are both important for Crb recycling in Drosophila (Pocha et al., 2011; Roeth et al., 2009; Zhou et al., 2011) . However, they exercise this function in the embryo, where Patj is largely dispensable, indicating that Patj is not essential for Crb recycling.
Patj requirement appears stronger in some epithelia than in others, with no impact on embryonic ectoderm polarity but stronger defects in the follicular epithelium. Structure-function analyses of Sdt and Crb lead to similar conclusions, with the requirements for Sdt or Crb domains seeming to differ from one epithelial tissue to another (Wodarz et al., 1995; Bit-Avragim et al., 2008; Bulgakova and Knust, 2009; Fletcher et al., 2012) . The reason for such differences remains to be elucidated. The Crb complex is also involved in the control of cell proliferation and cell morphogenetic processes other than the establishment or maintenance of epithelial polarity (Bulgakova and Knust, 2009; Grusche et al., 2010; Kerman et al., 2008; Laprise et al., 2010; Letizia et al., 2011; Xu et al., 2008) . Modulation of its activity by Patj might participate in these developmental functions of the Crb complex.
Note added in proof
During the editorial process, another article was published describing Drosophila Patj mutants and their phenotypic analysis (Zhou and Hong, 2012) .
